The migration of thymol, a natural antimicrobial (AM) substance, from poly(lactic acid) (PLA) 11 films containing 300 g/kg kenaf fibres into food simulants is reported. Neat PLA and PLA/kenaf 12 films containing 100 g/kg thymol were prepared via melt blending and heat pressing and were 13 placed in contact with 150 mL/L and 950 mL/L ethanol/water mixtures at different temperatures. 14 First-order kinetics, diffusion modelling and Fick's law modelling were used to describe the 15 release. The release rate of thymol into 950 mL/L ethanol/water at different temperatures 16 displays Fickian behavior with diffusion coefficient values between 1 and 100 × 10 -11 m 2 s -1 with 17 close to 100% of thymol being released. The release rate of thymol is temperature dependent and 18 is affected by the percentage of ethanol in the simulant. In the case of neat PLA and PLA/kenaf 19 films, a faster release occurred in 950 mL/L ethanol/water than in 150 mL/L ethanol/water with 20 the composite film exhibiting a higher diffusion coefficient in each case. 21 22
Introduction 24
Controlled release systems in food packaging have experienced considerable growth recently due 25 to developments in active packaging concepts such as the integration of antioxidant (AOX) 26 and/or antimicrobial (AM) substances into packages in order to improve the quality and safety of 27 food products. In these systems, low molecular mass compounds and/or substances are released 28 from the package in a slow and controlled manner to maintain an adequate concentration of the 29 substance in the packed food for a certain period of time. The release of substances that involve 30 migration is the result of diffusion, dissolution and equilibrium processes (Crank, 1979) . There 31 are various factors that influence the migration of a substance from the packaging material 32 including the film fabrication method, the volatility and polarity of the substance, the chemical 33 interaction between the substance and polymer chains, hydrophobicity and hydrophilicity of the 34 polymer as well as food properties and composition (Suppakul, Miltz The film samples were prepared firstly by melt-blending the components in an internal mixer 138 (Haake PolyLab OS, Germany) at 155°C for 8 min and 50 rpm followed by heat pressing, 139 according to a method previously reported by Tawakkal, Cran, and Bigger (2014). The PLA was 140 added to the mixer first and the kenaf and thymol were introduced once the polymer was molten 141 in order to avoid unnecessary loss of thymol. In the current study, a 300 g/kg loading of kenaf 142 fibres was used to produce the PLA/kenaf composite that has moderate flexibility as well as high 143 strength and stiffness compared with unfilled PLA which is more suitable for the production of 144 rigid packaging applications . In a second step, a laboratory 145 press (L0003, IDM Instrument Pty. Ltd., Australia) was used to prepare films. The samples were 146 preheated at 150˚C for 3 min without applying pressure until the material melted, and then 147 processing was 73% and 62% respectively as reported by Tawakkal, Cran, and Bigger (2015) . 166
The loss of thymol observed in the present study for composite films seems to be at an 167 acceptable level compared to petroleum-based (polyolefin) films containing volatile additives. 168 169
Migration of Thymol into Food Simulants 170
The release of thymol from neat PLA and PLA/kenaf films into aqueous food simulants was 171 studied at different temperatures. The release was examined via a total immersion migration test 172 
Data Analysis 198
The migration of thymol from the PLA and PLA/kenaf composite films was analysed using three 199 data analysis treatments: (i) overall kinetics, (ii) diffusion models in accordance with Cran, 200 Rupika, Sonneveld, Miltz, and Bigger (2010) 
Overall Kinetics Analysis 204
By considering the overall diffusion process to be a single process that obeys first-order kinetics, 205 equations describing the migration of an additive from a polymeric film into simulant with time 206 10 have been described by Miltz (1987) and Crank (1979) . The release of the AM agent into the 207 simulant was initially analysed for its fit to a first order kinetics model. In the case of a first-208 order system, equation (1) where mt is the mass of additive released from the film at time t, m∞ is the amount of additive 211 released from the film at equilibrium (t = ∞) and k1 is the first-order rate constant. From equation 212
(1), a plot of ln(1 -mt/m∞) versus time should be a straight line with a slope of -k1. The apparent 213 first-order rate constants were calculated using equation (1) and the initial release rates, v0, of the 214 AM agent were calculated using equation (2) 
Diffusion Model 218
In the diffusion model, the release of the AM agent from the film into the simulant is considered 219 in two stages, namely the short-term and the long-term (Crank, 1979; Miltz, 1987) . This 220 diffusion model is based on a geometry whereby the release is considered to occur from both 221 sides on the film. The diffusion data were analysed using equation (3) for short-term migration 222 and the corresponding rate constants were calculated using equation (4) The diffusion coefficient of the AM agent can be determined from its release versus time data, 233 by fitting these data to Fick's second law. Equation (5) can be derived from Fick's second law in 234 the case of one dimensional diffusion from a limited volume of film that is in contact with an 235 infinite volume of solution (Crank, 1979) . 236
Diffusion Activation Energy 239
The effect of temperature on the release rate of the AM agent was modelled in accordance with 240 the Arrhenius equation (Suppakul (2004) : 241
where D is the diffusion coefficient, Do is the pre-exponential factor, Ea is the activation energy 243 for the diffusion process, R is the ideal gas constant, and T is the absolute temperature. ca. 9 h at the lowest temperature of 30°C (Figure 1(a) ). A similar observation was found for PLA 251 containing resveratrol where the system achieved equilibrium after ca. 14 h using the same food Table 1 confirm that the diffusion coefficients of thymol from the neat PLA and 292 PLA/kenaf films into the 950 mL/L ethanol/water increase with increasing temperature. As 293 expected, the diffusion rates of the composite films are higher than those obtained for the neat 294 PLA films. This may be attributed in part to the presence of the kenaf fibre filler in the polymer 295 matrix that creates voids thereby enabling the release of thymol from the film. These findings are 296 consistent with the result obtained for the retention of thymol in a previous study whereby 297 following processing the composite films were found to retain less thymol than neat PLA film 298 when the composite was immersed into the water, the fibres absorb water leading to expansion of 327 the fibres. Such an effect may create internal stress in the adjacent matrix and resulting in the 328 formation of microcracks. However, the rate of diffusion of thymol from the PLA/kenaf films 329 was in fact found to be lower in the 150 mL/L ethanol/water simulant than in the 950 mL/L 330 ethanol/water simulant. It can therefore be suggested that a complex and strong interaction exists 331 between the kenaf, PLA and thymol in the composite systems. The PLA matrix may act as a 332 coating agent to the kenaf fibre filler, preventing the water from swelling the kenaf fibres and 333 releasing thymol that is associated with the fibres. Such an interaction between the PLA, kenaf 334 fibre and thymol was reported previously where these composite systems were studied using 335
Fourier transform infrared (FTIR) spectroscopic and thermogravimetric (TG) analyses 336 (Tawakkal, Cran, & Bigger, 2015) . In that study, the activation energy for the thermal release of 337 thymol, using a 3D diffusion kinetic model, was found to be 46 kJ mol -1 in the case of neat PLA 338 containing thymol and 65 kJ mol -1 for the PLA/kenaf composite system. 339 340 Fick's second law model was also used to calculate the diffusion coefficient by minimizing the 341 sum of the squared errors (SSE) of the measured and calculated value (see Table 1 ). To 342 determine the fit of the experimental data, equation (5) was used and a non-linear regression 343 function was applied to the data. Figure 3 shows plots of mt/m∞ versus t for the diffusion of 344 thymol from PLA/kenaf film into 950 mL/L ethanol/water at 30°C where the data have been 345 fitted using the Fick's second law model. The satisfactory fit of the experimental data suggests 346 that the diffusion kinetics of thymol into 950 mL/L ethanol/water from the composite can also be 347 adequately described by Fick's model. The SSE values for all the release models studied are also 348 presented in Table 1 . In general, the short-term diffusion model presents the best fit for the 349 release kinetics with the lowest SSE values for all systems studied. This is followed by the 350 The Ea values for the neat PLA films are significantly higher than those found for PLA/kenaf 369 films and this is attributed mainly to the strong interaction between the PLA and thymol that 370 presumably is not as strong in the presence of the kenaf filler. Furthermore, the Ea values 371 increase with an increase in water content of the simulant and this is consistent with the 372 observations made in relation to the diffusion coefficients discussed above (see Table 1 
Conclusions 407
The results of this study suggest that thymol is readily released from neat PLA and PLA/kenaf 408 films into 150 and 950 mL/L ethanol/water simulants and the process can be described by an 409 overall first-order kinetics model that can be used to determine the initial release rate. The short-410 and long-term diffusion models also adequately describe the release of thymol from these 411 systems and the results are consistent with those obtained using a Fick's law analysis approach. 412
The diffusion coefficient data suggest that the addition of the kenaf filler to the PLA matrix 413 facilitates the release of thymol from the matrix and that the diffusion follows an Arrhenius 414 relationship with temperature. Furthermore, an increase in polarity of the simulant that results 415 from an increase in its water content decreases the propensity of thymol to be released from the 416 composite system. Nonetheless, it is apparent that active PLA/kenaf composites containing 417 natural AM agents such as thymol are potential candidates to be explored further for use as 418 active packaging systems. Such systems have the advantage of being derived from natural 419 sources, contain a naturally-derived AM agent and, as such, are expected to be more susceptible 420 to biodegradation than their synthetically-based counterparts. Images of PLA and PLA/kenaf films after the release of thymol into 150 and 950 595 mL/L ethanol/water stimulants at different temperatures. 596
